Background-Vascular endothelial growth factor (VEGF) and its receptors (VEGFR-1 and VEGFR-2) regulate vascular permeability and endothelial cell survival. We hypothesized that hemorrhagic shock (HS) and chronic stress (CS) would increase expression of lung VEGF and its receptors, potentiating pulmonary edema in lung tissue.
Introduction
Vascular endothelial growth factor (VEGF) contributes to lung homeostasis by several mechanisms: modulating growth and apoptosis of vascular endothelial cells, increasing vascular permeability, potentiating pulmonary endothelial cell growth and survival, and stimulating type II pneumocyte surfactant production. 1, 2 VEGF binds to two receptor tyrosine kinases: VEGFR-1 (also known as flt-1) and VEGFR-2 (also known as flk-1) 1 . The physiology of VEGFR-1 remains controversial, in part because its signaling properties depend on the animal and cell type. 1, 3 VEGFR-2 is the major mediator of VEGF-induced angiogenesis and vascular permeability. 1 Lung VEGF is primarily produced by epithelial cells, and also produced in smaller quantities by endothelial cells, macrophages, and neutrophils. 1, [4] [5] [6] [7] Its major targets are VEGFR-1 and VEGFR-2 on endothelial cells, but also it targets type I and type II pneumocytes. [8] [9] [10] VEGF is an essential growth and survival factor for pulmonary epithelial and endothelial cells, but also promotes vascular permeability in the lung, which may cause detrimental pulmonary edema. 7, 11, 12 Therefore, both abnormally low and abnormally high lung VEGF activity may be harmful by different mechanisms. Several studies have investigated VEGF and VEGF receptor function following non-traumatic lung injury, producing inconsistent results, which may be attributable to differences in experimental models, the timing of interventions, and different approaches to measuring the potentially beneficial and adverse effects of lung VEGF. 8, [12] [13] [14] [15] [16] However, the effects of traumatic lung injury on VEGF are unknown. Pulmonary contusion followed by hemorrhagic shock and chronic stress from the intensive care unit environment is a relatively common clinical scenario. Understanding of the role of VEGF in lung tissue repair under these conditions may elucidate therapeutic strategies. Based on evidence that hypoxia and hypercatecholaminemia increase VEGF and VEGF receptor expression and function, 8, [17] [18] [19] [20] [21] we hypothesized that lung contusion (LC) and hemorrhagic shock (HS) would increase expression of lung VEGF and VEGF receptors, the addition of daily chronic restraint stress (CS) would exacerbate this effect, and that VEGF overexpression would be associated with pulmonary edema and impaired lung tissue healing.
Materials and Methods
Male Sprague-Dawley rats (Charles River, Raleigh, NC) age 8 weeks and weighing 300-400g were housed in pairs and fed ad lib with Teklad Diet #7912 (Harlan Laboratories Inc., Tampa, FL) and water during a one week acclimation period. Light and dark cycles were 12 hours each throughout acclamation and experimental periods. All animal care was conducted in accordance with University of Florida Institutional Animal Care and Use Committee standards. Animals were randomly allocated to one of four groups: naïve (n=8), LC (1 day model: n=5, 7 day model: n=7), LC followed immediately by HS (LCHS) (1 day model: n=5, 7 day model: n=7), and LCHS with daily chronic restraint stress (LCHS/CS) (1 day model: n=5, 7 day model: n=7). These injury models were chosen to recapitulate common clinical scenarios: isolated blunt chest trauma (LC), blunt chest trauma accompanied by hemorrhage with early recovery (LCHS), and blunt chest trauma accompanied by hemorrhage followed by chronic stressors associated with the intensive care unit environment.
Prior to LC and HS, animals were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg). Pentobarbital was used in order to avoid confounding effects on the neuroendocrine response to injury and stress. LC was performed by applying a percussive staple gun (PowerShot Model 5700M, Saddle Brook, NJ) to a 12 mm metal plate applied to the right lateral chest wall 1 cm below the axillary crease. This model has previously been shown to produce a clinically significant and reproducible pulmonary contusion based on histologic findings. [22] [23] [24] Rats that would also undergo HS were then placed on a heating pad and PE-50 tubing was inserted into the right internal jugular vein and right femoral artery under direct visualization. The arterial catheter was used for continuous blood pressure monitoring with the BP-2 Digital Blood Pressure Monitor (Columbus Instruments, Columbus, OH). Blood was then withdrawn through the venous catheter into a heparinized syringe (10 units/ml) until a mean arterial pressure of 30-35 mm Hg was obtained. This blood pressure was maintained for a 45 minute period by withdrawing or reinfusing blood as necessary. After 45 minutes, shed blood was reinfused at a rate of 1 ml/min. CS was performed by placing animals in a restraint cylinder (Kent Scientific Corporation, Torrington, CT) for two hours a day. CS began one day after LCHS in the LCHS/CS group. In order to prevent acclimation during the two hour period, the cylinders were rotated 180 degrees every 30 minutes, and alarms were transmitted by speakers placed immediately adjacent to the cylinders for a two minutes period each time the cylinders were rotated. Because animals undergoing CS had no access to food or water while in the restraint cylinder, all other groups were also subjected to a two hour daily fast. There were no deaths associated with LC alone, and no late deaths attributable to daily CS. HS was associated with approximately 15-20% mortality within 3 hours.
Animals were sacrificed by cardiac puncture following intraperitoneal injection of ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg) on day 1 and day 7. Day 1 LC and LCHS rats were sacrificed one day after interventions were performed. Day 1 LCHS/CS rats had LCHS, then a single episode of CS occurring one day later, and were sacrificed one day after CS. Right lung, left lung, and plasma specimens were collected. Lung specimens were initially placed in phosphate buffered saline (PBS). Portions of the contused right lung and the non-contused left lung were placed in formalin for hematoxylin and eosin staining and histologic analysis by light microscopy, and a non-contused portion of the right lung was placed immediately in dry ice and then stored at -80°C. Plasma samples were obtained 
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Lung VEGF, VEGFR-1, and VEGFR-2 expression were assessed by endpoint polymerase chain reaction. The following primers were selected: VEGF forward 5′ gtggacttgagttgggagga and reverse 5′ caaacagacttcggcctctc (product region: 2135-2228, product size: 147 bp), VEGFR-1 forward 5′ agtggctccacgaccttaga and reverse 5′ gaagaccgcttcagttttcgt (product region: 2258-2575, product size: 317 bp), VEGFR-2: forward 5′ acagcatcaccagcagtcag and reverse 5′ ccaagaactccatgccctta (product region: 3127-3274, product size: 147 bp). Amplifications were performed using a SimpliAmp thermal cycler (Applied Biosystems, Carlsbad, CA) with an initial 4 minute denaturation phase at 95°C, followed by 32 cycles with denaturation at 95°C, annealing at 60°C, and extension at 72°C for 45 seconds each. Products were separated on 1.5% agarose gel stained with Ethidium Bromide (Invitrogen, Carlsbad, CA). VEGF, VEGFR-1, and VEGFR-2 were assessed in the contused right lung and the non-contused left lung to determine if effects were consistent with local tissue trauma (seen in the contused right lung only), or systemic changes in VEGF physiology.
Plasma VEGF was measured by enzyme linked immunosorbent assay (Quantikine ELISA Rat VEGF, R&D Systems, Minneapolis, MN) according to manufacturer instructions. All samples were run in duplicate. 50 μl of assay diluent were added to each well followed by 50 μl of the standard solution, control solution, or rat plasma. The plate was incubated at room temperature for two hours on a microplate shaker at 500 rpm. Each well was then aspirated and washed with 400 μl of wash buffer. This aspiration and wash sequence was repeated four more times. 100 μl of rat VEGF conjugate were then added to each well. The plate was then incubated for one hour at room temperature on a horizontal microplate shaker at 500 rpm. The aspiration and wash sequence was repeated five more times. 100 μl of stop solution was then added to each well. Optical density of each well was determined with a microplate reader set at 450 nm with wavelength correction set at 540 nm.
Lung injury was assessed by a board certified pathologist using light microscopy to visualize hematoxylin and eosin stained portions of the contused right lung. The pathologist was blinded to the study group and day of tissue procurement. The degree of lung injury was reported according to the LIS scoring system described in Table 1 , adapted from Claridge et al. 25 and Matute-Bello et al. 26 Statistical analysis was performed using GraphPad Prism version 6.05 (GraphPad Software, La Jolla, CA) to calculate one-way analysis of variance. Significance was set at α = 0.05 and data were reported as mean ±standard deviation.
expression decreased 22% and 29%, respectively (Figure 1 ). On day 7, lung VEGF expression was significantly lower following LCHS and LCHS/CS compared to naïve animals ( Figure 1 ). VEGF was undetectable in the plasma in all four groups: naïve, LC, LCHS, and LCHS/CS (data not shown).
Lung VEGFR-1 expression followed a nearly identical pattern to VEGF expression ( Figure  2A ). On day 1, LC and LCHS/CS VEGFR-1 expression was similar to that of naïve animals. LCHS VEGFR-1 expression did significantly increase on day 1 compared to naïve (LC: 95±11 vs. naïve: 80±9). Following LC alone, VEGFR-1 expression increased over the course of seven days (Figure 2A) . In contrast, seven days following LCHS and LCHS/CS, VEGFR-1 expression decreased 45% and 61%, respectively (Figure 2A ). On day 7, lung VEGFR-1 expression was significantly lower following LCHS and LCHS/CS compared to naïve animals (Figure 2A ).
There was no change in lung VEGFR-2 expression from day 1 to day 7 following LC alone ( Figure 2B ). Day 1 VEGFR-2 expression was significantly decreased in LCHS and LCHS/CS groups compared to naïve ( Figure 2B ). Following LCHS, VEGFR-2 expression remained low, but did not significantly change from day 1 to day 7 ( Figure 2B ). Following LCHS/CS, VEGFR-2 expression decreased 19% from day 1 to day 7 ( Figure 2B ). For VEGF, VEGFR-1, and VEGFR-2, the greatest magnitude of suppression uniformly occurred in the LCHS/CS group.
Assessment of the non-contused left lung
VEGF, VEGFR-1, and VEGFR-2 were also assessed in the non-contused left lung at 7 days to determine if the observed effects in the right lung were due to local tissue injury or systemic effects. In the non-contused left lung, VEGF expression was unchanged compared to naïve seven days following LC, LCHS, and LCHS/CS (Figure 3 ), suggesting that the increase in VEGF expression following LC and the decrease in VEGF expression following LCHS and LCHS/CS was related to local tissue injury.
Similarly, VEGFR-1 expression was increased seven days following LC, LCHS, and LCHS/CS in the non-contused left lung compared to naïve ( Figure 4A ). Compared to the non-contused left lung, VEGFR-1 expression in the contused right lung was decreased 18% following LC, 55% following LCHS, and 71% following LCHS/CS ( Figure 4A ). Figure 4B illustrates VEGFR-2 expression in the non-contused left lung and the contused right lung seven days after injury. VEGFR-2 expression was increased seven days following LC and LCHS in the non-contused left lung compared to naïve ( Figure 4B ). Compared to the non-contused left lung, VEGFR-1 expression in the contused right lung was decreased 3% following LC, 32% following LCHS, and 43% following LCHS/CS ( Figure 4B ).
Histologic characterization of lung injury
Histologic evidence of lung injury correlated with VEGF and VEGFR-1 expression. Seven days following LC, lung tissue healed completely with a LIS score of 0.8±0.4 ( Figure 5A and 5B). Seven days after LCHS, lung tissue has not healed, with a LIS score of 6.5±1.0. With the addition of CS following LCHS, LIS score remained elevated at 8.2±0.8 ( Figure  5A and 5B). When further examining the differences in the LIS between groups, significant changes were primarily due to inflammatory cell counts, interstitial edema, and alveolar integrity ( Table 2 ). There were no significant differences in pulmonary edema among naïve, LC, LCHS, and LCHS/CS animals.
Discussion
In this study, VEGF, VEGFR-1 and VEGFR-2 expression was suppressed by the combination of traumatic injury and hemorrhagic shock, and daily chronic stress exacerbated these effects. In addition, decreased VEGF and VEGF receptor expression correlated with impaired tissue healing. Although VEGFR-1 and VEGFR-2 both appeared to be associated with this process, VEGFR-1 played a more dominant role and correlated more closely with histologic findings, especially when adding daily CS to LCHS. Unlike lung VEGF, VEGFR-1 and VEGFR-2 expression were elevated in the non-contused left lung compared to naïve animals, which may indicate the presence of a systemic upregulation of VEGF receptor expression following injury. Interestingly, pulmonary edema was the only factor that did not contribute to higher LIS among the LCHS and LCHS/CS groups, despite the propensity of VEGF to increase vascular permeability. 7 The fact that alveolar integrity was adversely affected by LCHS and LCHS/CS models is also consistent with the ability of VEGF to promote growth and survival for pulmonary epithelial and endothelial cells. 11, 12 Finally, these effects appeared to be related to direct tissue injury, as there was no evidence of VEGF or VEGF receptor suppression in the non-contused left lung. Previous experiments have shown that LIS one day following LC is 8.5, suggesting that differences in day seven LIS among different injury models represent the presence of absence of tissue repair, rather than a delayed measure of the original injury severity. 27 Our data did not support our hypothesis, which was based on previous work in nontraumatic lung injury models, hemorrhagic shock models without tissue injury, and cell line studies which may explain our current findings. Acute hypoxia has been shown to increase lung tissue mRNA expression of lung VEGF and its receptors. 8 After hemorrhagic shock with resuscitation, lung VEGF and VEGFR-1 levels were moderately increased, and VEGFR-2 levels were similar to controls. 17 Hemorrhagic shock without resuscitation resulted in high levels of VEGF and VEGFR-1 and moderately increased VEGFR-2. 17 Overexpression of lung VEGF has been associated with pulmonary edema in an animal model utilizing intratracheal delivery of VEGF complementary protein by an adenovirus vector. 7 The effects of tissue injury followed by hemorrhagic shock and the effects of chronic stress on lung VEGF and its receptors have not previously been investigated. We presumed that the effects of catecholamines on VEGF would serve as an appropriate surrogate. In cancer cells, VEGF expression is dependent on upon hypoxia-inducible factor (HIF)-1 induction. [18] [19] [20] [21] HIF-1 is stimulated by norepinephrine (NE) in a dose-dependent fashion, and the non-selective beta blocker propranolol significantly inhibits NE-induced HIF-1 protein production and VEGF expression. [18] [19] [20] [21] In our rat model, the addition of chronic stress to LCHS increased urine NE levels. 28 VEGF receptor expression following lung contusion alone correlated with lung tissue healing in this study, and is consistent with previous work demonstrating that persistently low levels of alveolar neutrophil VEGF (6.3 pg/ml) are associated with prolonged illness in human subjects with Acute Respiratory Distress Syndrome (ARDS), whereas higher levels (13.0 pg/ml) correlate with recovery four days after the onset of symptoms. 29 In our study, decreased expression of VEGF, VEGFR-1, and VEGFR-2 following LCHS and LCHS/CS were local effects seen only in the injured lung tissue.
Despite these findings in the literature, the effects of VEGF on lung tissue healing remain largely unclear. 8, [12] [13] [14] [15] [16] In addition, the relationship between traumatic lung injury and VEGF function has not been previously reported. Therefore, this study was largely exploratory, and had several limitations. The mechanisms by which VEGF and VEGF receptors are suppressed remain unknown. Hematopoietic progenitor cell mobilization and T regulatory cell function appear to play a role in lung tissue repair in our model, 23, 24, 30 but the pathophysiology of lung tissue repair following LC, LCHS, and LCHS/CS is not fully understood. Also, accurate interpretation of our data depends upon assumptions that animals subjected to LC, LCHS, and LCHS/CS had changes in NE levels similar to those previously described, 28 and that our hemorrhagic shock model resulted in acute and global hypoxia. Future research should investigate lung VEGF and VEGF receptor physiology following LC followed by CS with no component of HS, and assess the impact of resuscitation with crystalloid intravenous fluid rather than blood.
Conclusions
Lung VEGF and VEGFR-1 were increased seven days following lung contusion alone, and lung tissue healed completely under these conditions. VEGF and VEGFR-1 were decreased seven days following LCHS and LCHS/CS, and the injured lung tissue did not heal. VEGFR-2 expression was decreased seven days following LCHS/CS. The addition of chronic stress to LCHS resulted in further suppression of VEGFR-1, VEGFR-2, and higher LIS, implicating both VEGF receptors in the pathophysiology of chronic stress-induced impairment of lung tissue healing. VEGF and VEGF receptor expression were not suppressed in the non-contused lung, suggesting that these phenomena are dependent upon direct tissue injury. Future research should seek to clarify the mechanisms of VEGF and VEGF receptor suppression following traumatic injury, hemorrhagic shock, and chronic stress. VEGF expression in the non-contused left lung was similar to naïve expression seven days following all three injury models. (LC: lung contusion; HS: hemorrhagic shock; CS: chronic stress; *p < 0.05 vs. Naïve; **p < 0.05 within the group) A: Contused lung tissue healed completely seven days following LC alone, but healing was impaired following LCHS and more severely impaired by the addition of CS. B: Hematoxylin and eosin stained rat lungs for the following groups: a=Naïve, b=LC, c=LCHS, d=LCHS/CS (LC: lung contusion; HS: hemorrhagic shock; CS: chronic stress; *p < 0.05 vs. Naïve; **p < 0.05 between injury models) Table 1 Lung Injury Score calculator (HPF: high-power field). Composition of the Lung Injury Score for each model Data are reported as mean ±standard deviation.
Points

Inflammatory cells/HPF
Naïve
